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摘 要 
本研究利用中国第 28 次南极科学考察和中国第 5 次北极科学考察航次获得
的 210Po、210Pb 数据，研究了 210Po、210Pb 在极地海域的生物地球化学行为，揭
示了南极半岛附近海域和白令海的颗粒动力学特征，计算出南极半岛附近海域及
白令海颗粒有机碳的输出通量。 
南极半岛附近海域 210Po 的活度浓度为 0.74~3.17 Bq/m3，平均为 1.91 Bq/m3。
溶解态 210Po 占总 210Po 的比例介于 50%~99%之间，平均为 91%，溶解态是研究
海域 210Po 的主要存在形式。210Pb 的活度浓度为 1.40~5.08 Bq/m3，平均为 2.93 
Bq/m
3。溶解态 210Pb 占总 210Pb 的比例平均为 88%，是 210Pb 的主要存在形式。
总 210Po 活度浓度、210Po/210Pb 活度比均呈现出深海区高于陆坡区的特征。由
210
Po-
210
Pb 不平衡计算出南极半岛附近海域 210Po、210Pb 的清除、迁出通量及停
留时间，陆坡区 210Po 的停留时间（平均为 0.63 a）明显小于深海区（平均为 2.07 
a），证实陆坡区 210Po 的颗粒清除、迁出作用强于深海区。 
在南极半岛附近海域对应于冬季残留水的中层水体（100~500 m）中，观察
到总 210Pb 活度浓度的极大值，且其相对于 226Ra 呈平衡或过剩状态。这种独特
现象的出现说明该区间水体存在 210Pb 的额外输入，而最有可能的来源是大气沉
降输入的 210Pb。在南半球冬季期间，大气沉降可将 210Pb 输送至海水或海冰表面，
并通过强烈的水体混合作用影响到较深水体，导致夏季观测到的冬季残留水具有
高 210Pb 活度浓度和 TPb/Ra1 的特征。 
根据 210Po-210Pb不平衡计算出南极半岛附近海域陆坡区D4-3站 100 m和 411 
m 界面 POC 的输出通量分别为 0.73 和 11.01 mmol/m2/d，深海区 D4-9 站 500 m
和 3393 m 界面 POC 的输出通量分别为 39.29 和 65.64 mmol/m2/d。POC 输出通
量都表现出随深度增加而增加的趋势，说明除上层颗粒沉降输出过程外，还存在
其他影响颗粒有机物输出的过程。 
白令海、楚科奇海总 210Po 的活度浓度从低于检测限变化至 2.58 Bq/m3，平
均值为 0.56 Bq/m3；总 210Pb 的活度浓度为 0.37~3.68 Bq/m3，平均值为 1.15 Bq/m3。
总 210Po 活度浓度表现为白令海陆坡区>白令海陆架区>楚科奇海陆架区的特征，
而 210Pb 活度浓度表现为白令海陆坡区>白令海陆架区≈楚科奇海陆架区的特征。
?
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从溶解态占总态的比例看，210Po 具有白令海陆坡区（75%）>白令海陆架区（47%）
≈楚科奇海陆架区（50%）的特征，210Pb 也表现为白令海陆坡区（67%）>白令海
陆架区（56%）≈楚科奇海陆架区（56%）的特征。 
由 210Po-210Pb 不平衡计算出白令海、楚科奇海 210Po、210Pb 的清除、迁出通
量及停留时间，结果显示，白令海陆坡区总 210Po 的停留时间（平均为 1.42 a）
明显大于白令海陆架区（平均为 0.24 a），白令海陆坡区 210Pb 的停留时间（平均
为 41.05 a）也明显大于陆架区（平均为 6.64 a），证实陆架区 210Po、210Pb 的颗粒
清除、迁出作用强于陆坡区。因此，太平洋入流在由白令海陆坡区向白令海陆架
区，进而输送至楚科奇陆架区的过程中，210Po、210Pb 发生了强烈的清除、迁出
作用，但比较而言，该输送过程中 210Pb 的清除、迁出作用不如 210Po 来得强。 
在白令海北部陆架区，考虑了上层水体水平输送及下层水体沉积物再悬浮的
影响后，根据 210Pb 质量平衡方程获得的 210Pb 输出通量显示，上层水体 210Pb 水
平输送通量及其占 210Pb 总输入通量的比例表现为从东、西两侧向中部海域减小
的趋势，说明中部白令海陆架水水平输送 210Pb 的通量较低，而西侧阿纳德尔水
和东侧阿拉斯加沿岸流水平输送 210Pb 的通量较高，其中阿拉斯加沿岸流最高，
进一步证明太平洋入流是楚科奇海 210Pb 的一个额外的重要来源。下层水体 210Pb
的清除、迁出作用明显强于上层水体，可能反映出沉积物再悬浮加强了下层水体
210
Pb 的清除迁出作用。 
根据 210Po-210Pb 不平衡计算出白令海北部陆架区 POC 的输出通量为
0.04~2.89 mmol/m
2
/d，平均为 1.38 mmol/m2/d。部分站位出现上层水体 POC 输出
通量小于下层水体 POC 输出通量的现象，说明沉积物再悬浮影响到陆架区颗粒
有机物的输出过程。 
 
关键词：210Po；210Pb；南极半岛附近海域；白令海；楚科奇海 
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Abstract 
Water samples were collected during the 28th Chinese Antarctic Research 
Expedition and the 5th Arctic Research Expedition in 2012 summer. Biogeochemical 
cycle of 
210
Po and 
210
Pb were studied in the polar seas. The particle dynamics were 
revealed and particulate organic carbon (POC) export fluxes were evaluated in the 
Antarctic Peninsula sea areas and Bering Sea. 
The total 
210
Po activity concentrations ranged from 0.74 to 3.17 Bq/m
3
 with an 
average of 1.79 Bq/m
3
 in the Antarctic Peninsula sea areas. Dissolved 
210
Po accounted 
for 50%~91% of the total 
210
Po with an average of 93%. Dissolved 
210
Po is the main 
form of 
210
Po in study areas. Total 
210
Pb activity concentrations ranged from 1.40 to 
5.08 Bq/m
3
 with an average of 2.93 Bq/m
3
. On average, dissolved 
210
Pb accounted for 
88% of the total 
210
Pb. Dissolved 
210
Pb is the main form of 
210
Pb in study areas. 
Higher 
210
Po activity concentrations and 
210
Po/
210
Pb activity ratios were found in 
abyssal areas compared to the slope regions in the Antarctic Peninsula seas. The 
scavenging and removal fluxes, and residence times of 
210
Po and 
210
Pb were 
calculated via 
210
Po-
210
Pb disequilibria. The long residence times of 
210
Po were found 
in the abyssal areas with an average of 2.07 a, compared to the slope regions with an 
average of 0.63 a. Our results suggested that the scavenging and removal of 
210
Po on 
the slope regions was more efficient than that in the abyssal areas. 
The maximum of total 
210
Pb was observed in the middle waters (100~500 m) 
with an equilibria or excess relative to 
226
Ra. The unique phenomenon showed an 
additional input of 
210
Pb. The atmospheric deposition may be the most possible source. 
210
Pb were deposited to seawater or sea ice surfaces through atmosphere in the south 
hemisphere in winter. The deep water was influenced by intense water mixing, and 
thus the characteristics with high 
210
Pb and 
210
Pb/
226
Ra>1 were observed in winter 
water masses in summer. 
The POC export fluxes at 100 m and 411 m were estimated to be 0.73 and 11.01 
mmolC/m
2
/d at station D4-3 in the Antarctic Peninsula slope via 
210
Po-
210
Pb 
?
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disequilibria. The POC export fluxes at 500 m and 3393 m were estimated to be 39.29 
and 65.64 mmolC/m
2
/d at station D4-9 in the Antarctic Peninsula abyssal. The POC 
export fluxes increased with the depth, indicating POC export was influenced by other 
processes besides settling from the upper ocean. 
The total 
210
Po activity concentrations ranged from below detection to 2.58 
Bq/m
3
 with an average of 0.56 Bq/m
3
 in the Bering Sea and Chukchi Sea. Total 
210
Pb 
activity concentrations ranged from 0.37 to 3.68 Bq/m
3
 with an average of 1.15 Bq/m
3
. 
210
Po activity concentrations showed a spatial variation with a characteristic as follow: 
the Bering Sea slope > the Bering Sea shelf > the Chukchi shelf. Similarly, 
210
Pb 
activity concentrations showed a spatial variation with a characteristic as follow: the 
Bering Sea slope > the Bering Sea shelf ≈ the Chukchi shelf. The ratios of dissolved 
210
Po to total 
210
Po showed a spatial variation with a characteristic as follow: the 
Bering Sea slope (75%) > the Bering Sea shelf (47%) ≈ the Chukchi shelf (50%). 
Similarly, the ratios of dissolved 
210
Pb to total 
210
Pb showed a spatial variation with a 
characteristic as follow: the Bering Sea slope (67%) > the Bering Sea shelf (56%) ≈ 
the Chukchi shelf (56%). 
The scavenging and removal fluxes, and residence times of 
210
Po and 
210
Pb in the 
Bering Sea and Chukchi Sea were calculated via 
210
Po-
210
Pb disequilibria. The long 
residence times of 
210
Po were found in the Bering slope with an average of 1.42 a 
compared to the Bering shelf with an average of 0.24 a. Similarly, the residence times 
of 
210
Pb in the Bering slope (with an average of 41.05 a) were longer than those in the 
shelf (with an average of 6.64 a). The results suggested the scavenging and removal of 
210
Po and 
210
Pb in the shelf were more efficient than those in the slope. Hence, the 
intense scavenging and removal processes occurred during the Pacific inflow 
transporting to the Chukchi shelf from the Bering slope via Bering shelf. However, 
the scavenging and removal of 
210
Po was more efficient than those of 
210
Pb. 
210
Pb export fluxes were estimated via 
210
Pb mass balance in the northern Bering 
shelf considering both the lateral transport of upper water and sediment resuspension 
in bottom water. The lateral input fluxes of 
210
Pb in the upper water and their ratios to 
total input fluxes of 
210
Pb decreased from both the east and the west to the centeral 
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regions, indicating that 
210
Pb lateral export fluxes through the Anadyr Water and 
Alaska Coastal Water were higher than those through the Bering Shelf Water. The 
Alaska Coastal Water had the highest 
210
Pb lateral flux among these three pathways. 
Generally, our results suggested that the Pacific inflow is an important source of 
210
Pb 
in the Chukchi Sea. Besides, the scavenging and removal of 
210
Pb in the deep water 
was more efficient than those in the upper water, indicating the removal of 
210
Pb was 
enhanced by sediment resuspension. 
The POC export fluxes were estimated to be from 0.04 to 2.89 mmolC/m
2
/d with 
an average of 1.38 mmolC/m
2
/d via 
210
Po-
210
Pb disequilibria in the northern Bering 
Shelf. POC export fluxes in the upper water were lower than those in deep water at 
some stations, indicating POC export was influenced by sediment resuspension 
besides settling from the upper ocean. 
 
Keywords: 
210
Pb; 
210
Po; Antarctic Peninsula sea areas; Bering Sea; Chukchi Sea 
 
 
?
 ?
 ?
 ?
 ?
 ?
 ?
 ?
 ?
 ?
 ?
 ?
第一章 绪论 
6 
第一章 绪论 
1.1 210Po、210Pb的地球化学行为 
210
Po、210Pb 均为 238U 放射系重要成员（图 1-1）。210Po 半衰期为 138.4 d，
是由 210Pb 经过短寿命子体 210Bi（T1/2=5.01 d）进行 β 衰变产生。
210
Pb 半衰期为
22.3 a，是由 226Ra 经过多个短寿命子体 222Rn（T1/2=3.83 d）、
218
Po（T1/2=3.05 min）、
214
Pb（T1/2 = 26.8 min）、
214
Bi（T1/2=19.9 min）、
214
Po（T1/2=0.00016 s）级联衰变
产生。在 238U 衰变系中，234Th、230Th、210Pb、210Po 都为强颗粒活性核素，而 210Pb
的母体 226Ra 在海水中颗粒活性较弱，主要以溶解态形式存在。 
 
 
图 1-1 238U 系衰变链 
Fig. 1-1 
238
U decay series 
 
海洋环境中 210Po、210Pb 的循环路径示意图见图 1-2（Lin 和 Chung，1991）。
海洋中 210Pb 的主要来源包括大气沉降输入、陆地径流输入和 226Ra 的现场衰变
产生（Baskaran，2011）。土壤中的 226Ra 衰变产生 222Rn，222Rn 释放至大气后，
随气团的运动在全球大气中分配。大气中的 210Pb 主要由土壤和水体逸出的 222Rn
衰变产生，其中海洋向大气释放的 222Rn 通量仅为陆地向大气释放通量的 1%
（Samuelsson 等，1986）。210Pb、210Po 的强颗粒活性致使其在大气中迅速与气溶
胶结合，并通过干、湿沉降输入地球表面（Peirson 等，1966）。由于 210Po、210Pb
在大气的停留时间仅几天至几周，比其半衰期短得多，因而 210Po 与其母体 210Pb
尚未达到放射性平衡便已经被沉降迁出，导致大气沉降输入陆地或海洋表面的
210
Po/
210
Pb 活度比通常在 0.1 左右（Peirson 等，1966；Poet 等，1972；Verdeny
?
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等，2009）。鉴于此，海水中的 210Po 主要来自于 210Pb 的现场衰变，在研究中往
往忽略 210Po 大气沉降输入的贡献（Bacon 等，1976；Moore 等，1986；Nozaki
等，1997；Wei 等，2011）。对于开阔大洋而言，表层水体的 210Pb 主要来自大气
沉降的输入，而 210Po 则主要由其母体 210Pb 现场衰变产生（Baskaran，2011）。
海水中的 210Pb 和 210Po 易与颗粒物结合，从水体中清除、迁出（Bacon 等，1976；
Nozaki 和 Tsunogai，1976），并输送至沉积物中。海底沉积物会向上覆水体释放
226
Ra 和 222Rn，并衰变产生 210Pb 和 210Po，沉积物的再悬浮也可能往近底层水体
加入颗粒态的 210Po 和 210Pb（Lin 和 Chung，1991）。 
 
 
图 1-2 海洋环境中 210Po、210Pb 的循环路径（Lin 和 Chung，1991） 
Fig. 1-2 Pathways of 
210
Po and 
210
Pb in marine environments (Lin and Chung, 
1991) 
 
210
Po、210Pb 均为强颗粒活性核素，但它们的颗粒活性却存在差别。海洋中
的颗粒物对放射性核素吸附的强弱程度为：Po>>Pb≈Th>>Ra>U（Kharkar 等，
1976）。Fisher 等（1983）通过实验室培养实验发现，210Pb 易与硅藻的外壳结合，
并不与蛋白质结合；而 210Po 则易与细胞有机质结合，与蛋白质的关系更为紧密。
Nozaki 等（1998）认为，由于 210Po 倾向于与有机颗粒物结合，而 210Pb 倾向于
与无机碎屑结合，由此可导致它们在清除、迁出过程中发生分馏。Friedrich 和
Rutgers van der Loeff（2002）根据颗粒物组成（颗粒有机物/生源硅的比值）的影
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